Abstract. In this paper the detection and classification of faults in induction motor
Introduction
Induction machines are characterized by the high importance for different branches of industry in the whole world. They act as crucial component for any industrial system in a wide range of power.
Advance and accurate detection of incipient faults of induction motors and their diagnosis allow to avoid harmful and destructive outcome and prevent financial losses [1] .
Eccentricity fault is one of the most significant types of faults in induction [2] - [4] as well as in the synchronous machines [5] . Machine eccentricity is characterized by unequal air-gap that exists between the stator and rotor. In the case when eccentricity enlarges, unbalanced radial forces that also can be known as unbalanced magnetic pull, can cause stator to rotor rub. There exist two types of eccentricity: static air-gap eccentricity and dynamic air-gap eccentricity. In reality both static and dynamic eccentricities tend to coexist. An inherent level of static eccentricity exists even in newly manufactured machines peculiarities of manufacturing and assembly method. It can result in steady unbalanced one direction magnetic pull. During the operation, this may lead to bent rotor shaft, bearing wear and tear, etc. Moreover, this can become a reason for a certain degree of dynamic eccentricity. In the case when these effects are not detected on early stage they can lead to rotor hub, which, in turn, will cause major breakdown of the machine.
In the presented paper electrical condition monitoring using motor current signature analysis (MCSA) is chosen. MCSA utilizes spectral analysis results of the three phase stator current of induction motor to detect faults that are present in it [6] - [10] . As well as the current signal, the magnetic flux density in the air-gap and outside the motor were also examined [11] . The magnetic flux density or the stray flux of electrical machine represents the flux that is radiated by motor outside its housing. Hence it is affected by the presence of the typical faults in the machine [12] - [16] .
For clear understanding of the occurrence and presence of characteristic frequencies and other peaks in the spectrums, the behavior of the magnetic flux density depending on the time, together with spatial variation in the air-gap were considered. Measured data from the real motors was compared with the previously simulated models, the analysis of this comparison is presented below.
Fault effect on frequency spectrum
The harmonic content in the spectrum of magnetic flux density may be described using analysis of the magnetic flux density in the airgap of the motor as a function of time and angle in the same time [12] , [17] . Such consideration allows to see the direct dependence of the principal slot harmonics (PSH) as well as fundamental frequency and its multiples on the fundamental number of pole pairs as well as the number of stator or rotor slots.
There are two ways of analysis of the motor without any asymmetry: only rotor slots are taken into account and stator is considered as smooth, and vice versa -stator slots are taken into account and rotor is considered to be smooth.
The length of the motor airgap is
where δ -is initial length of the airgap, ∆ -is the airgap change that represents the influence of the rotor slot openings alone the airgap function.
The airgap change is
where f(θ) -is a periodic function whose period is the stator (rotor) slot pitch.
The decomposed into harmonics periodic function for the case of slotted rotor is
where Q r -is number of rotor slots, ν=1,5,7… is order of harmonics.
Calculation of value of the coefficient a rν for slotted rotor, and a sν for slotted stator is based on the Carter's method [17] and as expected,
where K c1 -is Carter's factor for rotor slotting, K c2 -is Carter's factor in the case of stator slotting.
The inverse airgap function in the form of DC component and the first harmonic for the case of slotted rotor is
where k rs as well as k ss according to the method proposed in [17] are
Magnetic flux density in the case of rotor slotting is
For the second case, when stator is slotted and the rotor is smooth, the derivation of final formula for magnetic flux density is similar, except the terms that correspond to frequency of rotation of rotor field, Carter's factor and coefficient k s .
Magnetic flux density in the case of slotted stator is:
where Q s -is the number of stator slots.
For the case when motor eccentricity is taken into account, stator and rotor are both considered as smooth. So the magnetic flux density formula for the motor with dynamic eccentricity is
where k εd -is the level of dynamic eccentricity.
And for the case of static eccentricity it is:
where k εs -is the level of static eccentricity.
Motor also can be analyzed considering stator slotting together with the rotor slotting, that can be found in [17] .
The relation between the fault and magnetic flux density and the relation between the fault and current is similar, but it is not the same. Some of the frequencies that are present in the magnetic flux density spectrum are the same as the frequencies that can be found in the current. All of these magnetic flux density frequencies are present in the airgap of the motor, but not all of them can induce voltage to the stator winding. That is why there are difference in the frequency content of current and magnetic flux density spectrums. Unfortunately the measurement of magnetic flux density in the airgap is more difficult to implement. For the consideration of current harmonic content there exist two methods of detection of air-gap eccentricity. In most cases it may be detected with the help of certain high frequency components in the stator line current. The first method allows to monitor behavior of the current at the sidebands of the slot frequencies. The sideband frequencies associated with an eccentricity are [7] (10)
where n d = 0 in case of static eccentricity, and n d = 1,2,3… in case of dynamic eccentricity ( n d is known as eccentricity order), f s is the fundamental supply frequency, Q r is the number of rotor slots, s is the slip, p is the number of pole pairs, k is any integer, and n ω is the order of stator time harmonics that are present in the power supply driving the motor (n ω = 1,3,5, etc).
The second method is based on the monitoring of the behavior of the current at the sidebands of the supply frequency and its odd multiples. These frequencies of interest are given by
where m -is any integer. The current of motor as well as its stray flux were monitored and analyzed using the experimental installation with F.W. Bell 7030 Gauss/Teslameter and the magnetic flux sensor [13] , [18] . In the present experimental installation the Hall probe was used as a sensor, but there are also the other types of sensors that can be used in similar measurements [19] . Measurement results were processed using the LabVIEW System Design Software.
Simulation and experimental results
There were implemented simulation models of a real motor that were considered and analyzed [20] . After that the measurements of a real motor with faults were carried out.
The simulated models of induction machine were prepared for four cases -one model of healthy motor and three models with eccentricities: pure static, pure dynamic and mixed eccentricities. The modelling of these effects allows to investigate its impact on the occurrence of characteristic frequencies and slot harmonics in current spectrums and spectrums of magnetic flux.
The simulation was carried out using finite element method based on the characteristics of a real induction motor. Time step used for all simulations is 0.1 ms.
The real motor is three-phase, 4-pole, 400 V, 50 Hz, 1.1 kW squirrel-cage induction motor, that have 36 stator and 28 rotor slots. Modeling and FFT computation were carried out with the help of ANSYS Maxwell and MatLab software. All four motors have been simulated with operating speed 1440 rpm. This speed implies a slip s = 0.04.
There were measured motors with static, dynamic and mixed eccentricities, as well as the healthy one. Measurements were carried out for four types of loads: noload, half-load, full load and overload.
The results obtained from the full loaded motor are considered and compared with the simulated data. Results of measurements are presented on Fig.2, Fig.3 and Fig.4 where the normalized spectrums of current and magnetic flux density of the healthy motor are compared to the motors having dynamic, static and mixed eccentricity respectively.
It is clearly seen that the current spectrums of motor with pure dynamic (Fig.2(a) ) and pure static (Fig.3(a)) eccentricities are almost the same as the spectrum of healthy motor. But considering the magnetic flux density spectrum on Fig. 2(b) the presence of dynamic eccentricity is clearly visible. Hence, for the diagnosis of presence of the dynamic eccentricity fault in the motor it is better to monitor the behavior of magnetic flux density spectrum.
The value of the second principal slot harmonic should be related to static eccentricity. But in the case of this measurement it is not so. This can be concluded from the current spectrums, because the second principal slot harmonic has higher amplitude in the current spectrum of the healthy motor. But if we consider the spectrum of magnetic flux density, the rise of the amplitude of the 2nd principal slot harmonic in the motor with static eccentricity for 10 dB is clearly seen. For the other characteristic frequencies the amplitudes are almost the same as in the magnetic flux density spectrum of the healthy motor, which is shown on Fig. 3 (b) . The monitoring of the current spectrum is useful for the detection of mixed eccentricity, because the characteristic frequencies are clearly visible and have higher amplitudes than in the current spectrum of healthy motor that can be clearly seen on Fig. 4(a) . The spectrum of magnetic flux density for this case (Fig. 4(b) ) shows clearly the presence and values of amplitudes of characteristic frequencies, so it also may be used for the detection of this type of fault.
In the obtained results there were also investigated the sidebands of the principal slot harmonics. These frequencies should be related to the dynamic eccentricity. Considering obtained results and comparing it with the simulated data it is clearly visible that the sidebands of the 1st principle slot harmonic as well as the sidebands around the 2nd one are the best for the detection of the dynamic eccentricity in the current spectrum of the motor [20] . The same frequencies have significant amplitudes in the case of mixed eccentricity. Due to the simulated data it is clear that the sidebands of the principal slot harmonics have the highest amplitudes with the presence of mixed eccentricity. And it is clear that the amplitude of these frequencies rises with the increasing of the level of dynamic eccentricity. Relation of static eccentricity is not clear in the case of present research because it has different amplitudes (higher and lower) at different frequencies without any dependence.
The results obtained from the measurements of a real motor were compared with the simulated results. Considering current spectrum with normalized values of amplitudes it is clearly seen that the characteristic frequencies are also present in the current spectrum of simulated models. They have smaller amplitudes, but due to the absence of network noise and symmetrical construction they are clearly distinctive.
Analyzed results show that the diagnosis and monitoring of the behavior of the current and magnetic flux density spectrums are practically useful for the diagnosis of the presence of faults in the motor.
Conclusions
In this paper the effects of motor eccentricity on the generation of characteristic frequencies and principal slot harmonics in the real and simulated motors were investigated. The research was focused on the MCSA and monitoring of magnetic flux density outside the motor. There were presented derived formulas of the magnetic flux density in the airgap related to the stator and rotor slotting, as well as to motor eccentricity. The relation between the fault and magnetic flux density and the relation between the fault and current is similar, but they are not the same.
Frequencies that are present in the magnetic flux density spectrum are the same as the frequencies that can be found in the current spectrum. All of these frequencies are present in the airgap of the motor, hence they can be clearly distinguished in the magnetic flux density spectrum. But not all of these frequencies can induce voltage to the stator winding due to the different number of pole pairs. That is why the frequencies that are characteristic for the eccentricity fault are not visible in the current spectrum when the pure static or pure dynamic eccentricity takes place. But they are clearly detectable in the case of the mixed eccentricity. It was demonstrated that theoretical assumptions meet the practical results, as it can be seen on the presented figures. The sidebands of the principal slot harmonics were also investigated. From the obtained results it is clear that the sidebands of the 1 st principle slot harmonic as well as the sidebands around the 2 nd one are the best for the detection of the dynamic eccentricity in the current spectrum of the motor. Analyzed results show that the diagnosis and monitoring of the behavior of the current and magnetic flux density spectrums are practically useful for the diagnosis of the presence of faults in the motor.
